ESIAL temporal lobe epilepsy is the most common cause of complex partial seizures. Approximately 70 to 80% of these seizures arise from the temporal lobe, and more than 65% of these originate in mesial temporal lobe structures, especially the hippocampus, amygdala, and parahippocampal gyrus. 44 The hippocampus is divided into different subregions (dentate gyrus, CA1-CA4, and subiculum) connected via specific circuitry. 69 The most common pathological findings in MTLE are hippocampal sclerosis with cell loss involving the CA1, CA3, and CA4 subregions and relative sparing of the CA2 subregion and dentate granule cells. 1, 6, 9 The causes of epileptic events remain elusive, and their study is complicated by the variety of seizure manifestations. Our understanding of epileptic mechanisms is based primarily on data from animal models in which seizure generation has been evaluated mostly from the perspective of chemical synaptic transmission. From these data, authors have hypothesized that seizures result from excessive and disordered neuronal behavior in the brain gray matter due to an imbalance between excitation and inhibition at the synaptic level. 38, 56 Recent experimental and theoretical evidence suggests that direct electrotonic communication between neurons and/or astrocytes via gap junctions may also contribute to the generation and maintenance of seizures through the synchronization of neural output. Surgery, Neurology, and Pathology; and Division of Biostatistics, Mayo Clinic, Rochester, Minnesota Object. The causes of epileptic events remain unclear. Much in vitro and in vivo experimental evidence suggests that gap junctions formed by connexins (Cxs) between neurons and/or astrocytes contribute to the generation and maintenance of seizures; however, few experiments have been conducted in humans, and those completed have shown controversial data. The authors designed a study to compare the level of expression of Cxs in hippocampi from epileptic and nonepileptic patients to assess whether an alteration of gap junction expression in epileptic tissue plays a role in seizure origin and propagation.
Gap junctions are sites of intercellular membrane channels providing for direct cytoplasmic continuity between adjacent cells. The structural unit of a gap junction is a hemichannel called a "connexon," a proteinaceous cylinder with a hydrophilic channel. Hexamers of proteins known as "Cxs" aggregate to form a connexon. The connexons from adjacent cells create a low-resistance channel permitting the flow of small molecules (1 kD) and ions. 2, 3, 9 This intercellular communication represents an important pathway through which cells can maintain tissue homeostasis and control growth and differentiation. 2, 3, 53 Recently, gap junction proteins have been isolated in regions of the adult mammalian CNS. 17, 41, 43, 47, 70 They are predominantly found in glial cells, but different subtypes can also be restricted to small neuronal populations. 37, 49, 74 In mammals, Cxs are encoded by a multigene family consisting of at least 20 members. 10, 48 Although Cxs are expressed in a cell type-specific manner, the degree of this specificity varies, and there is considerable overlap in their distribution. Among Cxs, Cx32, -36, and -43 are well represented throughout the CNS. Connexin 36 is exclusively expressed in neurons, especially interneurons; 8 Cx32, in neurons and oligodendrocytes; and Cx43, predominantly in astrocytes but also in activated microglia and neurons, particularly during brain development. 11, 20, [38] [39] [40] Direct electrical communication through gap junctions can alter neuronal activity over a much shorter interval than propagation through chemical synapses. Recently, it has been suggested that Cxs play a role in the pathogenesis of several diseases of the nervous system, including epilepsy. 54, 67 A role for gap junctions in the synchronization of neuronal activity has been proposed in the inferior olive, 34 hippocampal pyramidal cells, 35 and retina. 63 Increased gap junction expression or coupling has been implicated in the synchronization of neuronal discharges; 32, 41 therefore, a causal relationship between the extent of electrotonic coupling and epileptogenicity is implied.
Some interesting, albeit contradictory, data have been obtained from analyses of mRNA and protein expression by different Cxs in epileptic tissue. Gliosis is almost always present in brain regions exhibiting epileptic activity, but data regarding the expression of Cxs, particularly Cx43 in astrocytes, are unclear thus far. In tissue excised from patients with epilepsy, protein and/or mRNA expression has either increased 21, 35 or not changed; 19 this expression was not affected or was slightly decreased in different experimental animal models. 31, 34, 55 The increased expression of Cx43 may facilitate both the rapid propagation of Ca ϩϩ ions between astrocytes and the propagation current in excitable cells and may lead to the synchronization of discharges at the epileptic focus.
Changes in the expression of Cx32 and/or -36 between hippocampal neurons and oligodendrocytes could also be mechanisms by which a discharge can be generated and synchronized. Protein and mRNA expression of Cx32 increased in murine hippocampi exposed to bicuculline, whereas those of Cx36 were not affected. 33 Note, however, that authors of another study of the hippocampus in kainatetreated and "kindled" rats reported a decrease in Cx36 mRNA and protein expression. 52 Given these data, we designed the current study to evaluate the expression of Cx43 as well as Cx32 and -36 in hippocampi from patients with MTLE. Subregional modification of gap junction expression in MTLE may facilitate abnormal electrical communication between neurons and alter neuronal activity contributing to the epileptogenesis of MTS. A more complete understanding of Cx expression in MTLE could help us better to define the role of the gap junction in seizures and to elucidate the mechanisms leading to MTS.
Clinical Material and Methods
The study protocol was submitted to, and approved by, our institutional review board (1403-01).
Patient Population and Tissue Sample Preparation
In the Department of Neurosurgery at the Mayo Clinic between 2000 and 2001, 47 consecutive patients with intractable MTLE underwent temporal lobectomy with amygdalohippocampectomy (F.B.M. and W.R.M.) for en-bloc removal of the mesial temporal lobe for subsequent histological analysis and immunohistochemical staining. Neocortical resection was performed after intraoperative electrocorticography, optimizing the resection of epileptogenic tissues in most cases.
Surgical specimens were fixed in 10% buffered formalin and embedded in paraffin. The tissues were then sectioned (5 m thick) and mounted onto microscope slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA). Hippocampal specimens from patients with MTS were compared with postmortem hippocampi specimens from patients without neurological disease. These hippocampi were fixed in formalin and stored in the brain bank in the Department of Neuropathology. Liver, heart, and brainstem olive tissue samples were used for immunohistochemical labeling controls and examined for specificity to Cx32, -36, and -43. Different dosages of antibodies were used to match the control staining.
Samples were deparaffinized in xylene for 5 minutes each and then rehydrated before treatment with preheated EDTA buffer (1 mM, pH 8) by using a steamer (Black & Decker, Baltimore, MD). After a 30-minute incubation, the slides were cooled in EDTA buffer for 5 minutes and rinsed in water for 5 minutes. The samples were stained in an autostainer (Dako Cytomation, Fort Collins, CO). The automated method included a 5-minute peroxidase block. Sections were then stained with Cx32 (goat polyclonal IgG, sc-7258, 1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), Cx36 (goat polyclonal IgG, sc-14904, 1:500; Santa Cruz Biotechnology, Inc.), and Cx43 (rabbit polyclonal IgG, 71-0700, 1:500; Zymed Laboratories, Inc., South San Francisco, CA) primary antibodies for 1 hour. The detection polymer (LSAB+; Dako Cytomation, Carpenteria, CA) was applied for 15 minutes, followed by the substrate/chromogen (AEC+; Dako Cytomation) for 10 minutes. Once removed from the autostainer, the slides were rinsed well in water, counterstained with modified Schmidt hematoxylin for 5 minutes, and rinsed; a coverslip was applied using the aqueous mounting media (Dako Cytomation).
We obtained specimens from 47 epileptic patients and 31 nonepileptic control volunteers. Tissue samples from each patient's hippocampus were used to create one slide for each of the three Cx subtypes (Cx32, -36, and -43). Each slide had multiple cells from each of six regions: CA1, CA2, CA3, CA4, dentate gyrus, and subiculum. Two independent reviewers rated each Cx-region combination according to the SI, PPC, and IRS based on the one used in Germany. Staining intensity was rated as levels 0 (no fixation), 1 (low fixation), 2 (moderate fixation), and 3 (strong fixation). The PPC was assessed and categorized as follows: 0 (no positive cells), 1 (up to 10% positive cells), 2 (11-49% positive cells), 3 (50-80% positive cells), and 4 (81-100% positive cells). An IRS was calculated as the product of SI and PPC. In summary, for each SI, PPC, and IRS, there were three Cxs times six regions times two raters, for 36 measurements per hippocampus.
Sample Evaluation and Statistical Analysis
Connexin expression was evaluated to determine whether there were differences between patients with MTLE and nonepileptic control volunteers. We analyzed whether Cx expression varied between the two groups according to Cx subtypes, hippocampal region, or both.
Statistical analyses were performed to measure interrater agreement and to test whether ratings from independent observers could be combined to provide more reliable measurements. Interrater agreement was evaluated using contingency tables to compare the measurements of Rater 1 with the measurements of Rater 2. We calculated the percentage of measurements in perfect agreement, agreement to within one category, and agreement to within two categories. To analyze SI and PPC, we averaged the raters' measurements from the same patient, Cx subtype, and hippocampal region. The IRS value for each patient was calculated as the product of the average SI and the average PPC. By averaging the raters' measurements we increased precision and reduced the complexity of the data, analyzing only 18 measurements per patient rather than 36. For each response variable (SI, PPC, and IRS), we fitted a mixedeffects ANOVA model and treated as fixed effects the patient group, Cx subtype, and hippocampal region, taking into account all two-way and three-way interactions. We treated the subject effect as random and included random Cx and hippocampal region effects within each subject. In these models responses from separate patients were categorized as independent; responses from the same patient, as correlated. The correlation was defined so that for a given patient, two measurements with the same Cx subtype would be more correlated than two measurements from different Cxs. Analogously, two measurements within the same region for a given patient would be more correlated than two measurements from different regions.
These mixed-effects ANOVA models directly addressed the questions that were of interest a priori by testing for an overall difference in Cx expression between patients with MTLE and nonepileptic controls, whether there was a patient group difference within each Cx subtype and whether there was a patient group difference within hippocampal regions within Cx subtypes. Because these hypothetical tests were preplanned and indicated by the study design rather than the observed data, we did not adjust probability values for multiple comparisons. Still, we report probability values to four decimal places, allowing the reader to perform post hoc corrections if desired. We report either group means and standard errors of the group means or the differences between the group means together with 95% CIs for these differences by using estimates from the ANOVA models. We estimated the average difference between the two raters' measurements by fitting a mixed-effects ANOVA model for SI and PPC as described earlier and by adding a random rater effect. All calculations were performed using commercially available software (SAS, version 8; SAS Institute, Inc., Cary, NC).
Results
Raters agreed on SI 71.4% of the time ( Table 1 ). The two rating sets were within one category 99.1% of the time. For only 12 (0.01%) of 1404 measurements did the raters differ by two categories. The proportion of measurements in agreement with respect to the PPC was 62.5% (Table 2) ; another 33.8% of the measurements differed by only one category. Differences of two or more categories were rare (3.8%). Although overall agreement between the two raters Table 3 we compare mean SI, PPC, and IRS values between the epilepsy and control groups for each Cx. Across all three measures, Cx32 appeared to be expressed significantly less in patients with epilepsy compared with controls (each p Ͻ 0.01), whereas Cx43 appeared to be expressed more among the patients with epilepsy (each p Ͻ 0.001). There was no evidence of any differential expression of Cx36. Figure 1 shows differences in mean SI between the epilepsy and control groups as well as 95% CIs for the difference. Positive differences indicate increased expression among the MTLE group compared with controls. On the right axis are probability values for the test of no group difference. As indicated in Table 3 , SI in patients with epilepsy was lower for Cx32, higher for Cx43, and not significantly different from controls for Cx36. There was, however, some regional variation within each Cx subtype. For example, the SI values for Cx32 within the dentate region were not significantly different between persons with or without epilepsy. For Cx36, there was some evidence that SI in the CA2 region was higher in the epilepsy group. 
FIG. 1.
Graph showing the differences between the mean SIs for the epilepsy and control groups as well as the 95% CIs for the difference. On the right axis are probability values for the test of no group difference. In patients with epilepsy the SI was lower for Cx32, higher for Cx43, and not significantly different from controls for Cx36. There was, however, regional variation within each Cx subtype. sy and controls; despite some significant regional differences, overall Cx32 expression was lower in the epilepsy group compared with controls, Cx36 was not significantly different between the two groups, and Cx43 was higher in the epilepsy group.
Discussion
The hippocampus is organized into subregions (dentate gyrus, CA1-CA4, and subiculum) connected in an organized manner. The trisynaptic circuit is most prominent where excitatory axons from the entorhinal cortex form the perforant pathway terminating in the molecular layer of the dentate gyrus, into the stratum radiatum of the hippocampus proper (CA1 and CA3). In the dentate gyrus, these axons make excitatory synapses in the molecular layer onto dendrites of the dentate granule cells. In turn, the granule cells excite CA4 and CA3 pyramidal neurons and not CA2 and CA1 via the mossy fibers pathway. Mossy fiber synapses are excitatory, and the postsynaptic receptors include kainate-type glutamatergic receptors. The hila contain excitatory neurons including the mossy cells, that is, glutamatergic neurons that send axonal projections locally (within the transverse plane) as well as longitudinally to the dendrites of the dentate gyrus. These pathways may be involved in circuits for local or lateral inhibition. 50 The CA3 pyramidal cells are excitatory glutamatergic neurons that send axons into the CA1 area via the Schaffer collateral pathway. In turn, the CA1 cells send their axons to the subiculum that projects back to the entorhinal cortex. They also send recurrent collateral excitatory axons back into the CA3 area and synapse onto pyramidal cells there. This recurrent excitatory pathway contributes to the ability of area CA3 to fire interictal-like bursts. 73 In MTLE, a segment of the trisynaptic circuit may be lost. Hilar CA1 and CA3 hippocampal regions are damaged, whereas CA2 pyramidal cells and dentate granule cells are preserved. In addition, mossy fiber terminal sprouting into the new synaptic region is also a common feature. 26, 55, 57 Although its significance is unclear, this regional reorganization has led to the dormant basket cells and mossy fiber sprouting hypothesis, which may partially explain the mechanism of seizure generation.
A strong upregulation of Cx43 occurred in all subregions in the hippocampi from patients with MTLE (Fig. 4) . Although we did not study the concomitant expression of GFAP, we assume that it is expressed mostly by astrocytes. We were also unable to prove unequivocally that an increase in Cx43 expression is not due to an elevation in the absolute number of astrocytes. Note, however, that in our study the SI was probably increased due to an elevation in Cx expression in astrocyte membranes. Moreover, this observation agrees with other study data showing that astrocytes in epileptic foci have an increased expression of
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. 32, 41 Naus and colleagues 42 have shown that there was no correlation between the expression of GFAP and Cx43 mRNA and concluded that astrocytes in epileptogenic tissue increase their expression of gap junctions independently of any change in GFAP expression. Similarly, Fonseca, et al., 19 have demonstrated that Cx43 immunolabeling is increased in MTLE, and this increase is so disproportionately high that Cx43 immunolabeling often masks astrocytic GFAP immunolabeling. Therefore, we assume that an increase in GFAP-positive astrocytes and enhanced coupling between astrocytes have implications for the role of astrocytes and gap junctions in the pathogenesis of epilepsy. Although the mechanisms by which it occurs have not been established, several hypotheses can be proposed.
Intense electrochemical activity in an epileptic focus results in increases in extracellular K ϩ . 22 Increased communication between astrocytes via gap junctions would form a highly functional astrocytic syncytium that could play a role in buffering extracellular K ϩ concentrations potentially elevated after seizure discharges. 28, 66 Authors of several recent studies have suggested that reactive astrocytes can exhibit electrical activity and are capable of inducing electrical responses in neurons and neighboring astrocytes to which they are coupled via gap junctions. 19, 24, 42, 46 In MTLE, increased Cx43 expression may represent the upregulation of the astrocyte population that is electrically active and provides direct cell-cell electrical coupling. During epileptic seizures, excess glutamate released into the extracellular space by overactive or damaged neurons may initiate an enormous Ca influx into adjacent astrocytes. This increase in the intracellular free Ca ϩϩ concentration may cause membrane depolarization and a Ca ϩϩ wave that is rapidly propagated to other astrocytes. To corroborate these hypotheses, there is evidence that astrocytes may provide a pathway between electrically active neurons through short circuits enabling rapid propagation of the electrical signal via Cx43 gap junctions. Authors of a recent study have suggested that small electrical fields from several simultaneously discharging neurons could be sufficient to trigger adjacent coupled neuronal clusters to fire simultaneously. 60, 65 Gap junctionlinked astrocytes may augment the electrical signal propagated from one cluster of hyperexcitable neurons to another. Thus, astrocytes extensively coupled to gap junctions may act as bridges, connecting different areas of neuronal hyperexcitability separated by areas of fibrosis and contributing to the synchronization of neuronal discharge.
An upregulation of Cx43 gap junctions, assuming that they are functional, would facilitate the rapid propagation of the electrical signal between neurons. Through the tissue structure and the increased coupling, a reentry arrhythmia or circulating current-like effect, similar to that proposed for arrhythmias occurring at the edges of cardiac infarcts, may be introduced. 44 Moreover, the rapid propagation of the Ca ϩϩ signal through the astrocytic syncytium could result in a level of increased neuronal intracellular Ca ϩϩ that would cause irreversible cell injury. In this way both neuronal and glial cells some distance from the central focus of the injury are affected, thus increasing the extent of the lesion. The implication in MTLE is that the lesion can spread from the mesial temporal lobe to the cortex, thereby facilitating the progression of MTLE to more generalized epileptic seizures.
Gap junctions have been demonstrated between neurons structurally and electrophysiologically in areas prone to epilepsy such as the CA3 region of the hippocampus. [13] [14] [15] [16] 22, 45, [59] [60] [61] [62] In addition, convulsants have been shown to increase the degree of intercellular coupling in vertebrate neurons. 45 Electron micrographs of cortical tissue obtained in patients afflicted with spongiform viral encephalopathies have indicated that neuronal membranes may fuse or form gap junctions in increased numbers, suggesting a mechanism for epileptiform synchronization through pathologically enhanced electrotonic coupling. 61 An increase in the direct communication between neurons would be a mechanism by which synchronization of epileptic events could occur. Connexin 32 is known to be expressed in neurons as well as oligodendrocytes.
For technical reasons, we did not perform double labeling; thus, we are unable to assess the contribution of these two cellular types in the expression of Cx32. Note, however, that we focused our cell counts in the stratum pyramidale of the different subregions of the hippocampus, assuming that neurons were predominant in this layer. The expression of Cx32 in the different subregions of the hippocampus was significantly decreased in this study (Fig. 5) . This result may suggest that the increased communication between neurons probably does not play a role in the seizures in MTLE, although additional studies are warranted to clarify which cellular type predominantly expresses Cx32.
Connexin 36 appears to be expressed at high levels almost exclusively in mammalian neurons. 9, 51 The highest levels have been found in the retina, olfactory bulb, and hippocampus, especially in the CA3 and CA4 subfields. Results of in situ hybridization studies in adult mice have shown that Cx36 expression is largely absent from the pyramidal cell layer, with labeling occurring only in the stratum oriens and radiatum. Using single-cell polymerase chain reaction, Cx36 expression has been found to be expressed in different types of GABAergic interneurons, in contrast to Cx36 in early development when there is also extensive labeling of neurons in the pyramidal layer. 25, 64 Synchronized gamma frequency oscillations (30- networks. 29, 53, 54 Persistent gamma frequency activity, such as that evoked by kainate or carbachol, requires the reciprocal activation of pyramidal cells and interneurons. 72 This type of activity is abolished by antagonists of either ␣-amino-3-hydroxy 5-methyl-4-isoxazole propionate or GABA Type A receptors such as bicuculline. 5, 18, 68 Experimental observations in Cx36 knockout mice have shown that reductions in electrical signaling in interneuronal networks lead to a reduction in the synchrony of gamma frequency oscillations. 4, 71 The fact that electrical coupling is largely absent between interneurons in all areas of the brain thus far examined in the Cx36 knockout mouse suggests that electrical signaling between interneurons may be largely mediated via gap junctions containing Cx36. 36 The GABAergic interneurons such as basket cells are often spared in epileptic tissue. Based on the aforementioned data, we think that Cx36 may be predominantly expressed in GABA interneurons in MTLE. Fujiwara-Tsukamoto and associates 21 have recently demonstrated that excitatory GABAergic transmission may play a rather active role in generating rhythmic synchronization in the focus of an epileptic event. Data in our study show that Cx36 expression in epileptic tissue is preserved (Fig. 6) , suggesting that sustained connection between presumed GABAergic interneurons via Cx36 gap junctions may play a role in seizure generation and synchronization.
Additional studies must be conducted to evaluate the type and location of the interneurons expressing Cx36. Although these findings are interesting and can shed light on the pathophysiology of the epileptic event, the changes in Cx expression can only be a consequence of repetitive epileptic events. New animal models must be developed to study this topic.
Conclusions
Connexin 43 gap junction expression appears to be upregulated in the subiculum and the CA1 to CA4 subregions of the hippocampus from patients undergoing surgery for MTLE. This Cx subtype is most commonly expressed in astrocytes, suggesting that increased gap junction communication between astrocytes and not between neurons may play a significant role in seizure generation. The preservation of interneuron communication via the Cx36 gap junction seems to be an important mechanism of rhythmic synchronization generation. Additional studies are required to evaluate the cellular expression of Cx subtypes and their role in epileptogenic tissue in humans. Furthermore, these data should be discussed in a more extensive fashion, including the significance of the hippocampal architectural modification and the alteration of the synaptic connections F. Collignon, et al.
between cells in MTS, to understand better the mechanisms leading to seizure generation and propagation.
